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ABSTRACT
This paper documents the performance of three different active flat plate solar thermal air collectors that were
designed, built, and installed on the roof of a university building. The three collectors circulate air and use small fans
for capturing and delivering supplemental heat for the building. These collectors are part of a larger solar energy
installation used in a university setting for teaching and research about renewable energy. Each collector has a different
configuration to illustrate how a solar collector’s design impacts its ability to capture thermal energy. A web-based
building automation system provides real time data on solar collector performance that can be used by students and
researchers. The three new collectors achieved 20% to 25% energy conversion efficiency when analyzed according to
ASHRAE Standard 93 “Methods Of Testing To Determine The Thermal Performance Of Solar Collectors”. Testing
also showed that the amount of air flowing through the collectors had a significant impact on overall performance.
The solar collectors also achieved an energy factor (the ratio of heat collected to fan power) of approximately 5,
effectively demonstrating the viability of solar thermal technologies.

1. INTRODUCTION
Solar thermal systems are one of the oldest renewable energy technologies. They capture the sun’s energy and convert
it to heat for use in various residential and commercial applications. This energy can be collected using passive or
active collection techniques. Passive techniques require no additional energy or system inputs such as heating through
windows and skylights. Active techniques use additional systems and equipment to continually capture energy. This
equipment can include motors, pumps, and more to track the sun, move fluids, or operate other forms of input to
improve performance.
Many researchers have analyzed solar thermal air collector designs to understand the parameters that improve
performance. Raam Dheep and Sreekumar (2020) looked at the effects of absorber design and varying flow rates
through active loop collectors, finding lower flow rates are desirable to achieve higher efficiencies. Khanlari et al
(2020) analyzed collector designs finding that more absorber surface area achieves higher thermal efficiencies.
Saffarian et al (2020) analyzed the use of nanofluids and different flow directions in solar collectors to increase
convective heat transfer. Abuşka et al (2019) performed an experimental analysis of the heat storage ability of a phase
change material to continue collector heating after dusk. These studies show improvements in design and methodology
that identified the key opportunities for designing new solar thermal air collectors for use in a university setting.
All three forms of heat transfer are important for capturing heat and improving performance in a solar thermal
collector. Radiant energy is the mechanism that delivers solar energy to the collector. Conduction is what allows
energy to enter the collector and plays a significant role in heat loss during cold weather. Convection is important in
an active loop collector for heating a secondary fluid. If the secondary fluid is air, optimal convection heat transfer is
needed to transfer heat from the collector surface and to the air being conveyed through the collector.

6th International High Performance Buildings Conference at Purdue, May 24-28, 2021

3234, Page 2
Standards provide methods for testing and evaluating collectors for uniform comparison. ASHRAE Standard 93-2010
defines methods for testing and evaluating air or liquid solar collector efficiency and thermal performance. Section
8.5 of ASHRAE 93 specifies measurements and processes for evaluating solar collector performance to provide
uniform, state of the art comparisons between collectors and quantify how different geometries and flow rates affect
the energy captured. Work done by the Florida Solar Energy Center (FSEC) and the Solar Rating & Certification
Corporation (SRCC) was also investigated for additional insight into practical considerations for testing and evaluation
of solar thermal panels.
This field evaluation of solar thermal air collectors deviated from ASHRAE 93 in one important aspect. This was a
cold-weather test, where the outdoor temperature ranged from 0 to 5 °C. Most test standards require testing when
outdoor air temperature and solar intensity are above 15 °C and 600 W/m2, respectively. The cold weather likely
reduced the performance of the solar collectors due to conduction and convection losses, but the cold weather data is
more realistic. It reflects a time of year when the heat from the solar air collectors is most beneficial for a building
and its occupants.
Solar thermal air collectors can save energy and money. Many locations worldwide experience days below 18 °C,
where building heating is needed. Solar energy is a particularly good option when natural gas or propane are
unavailable. By using renewable technologies like solar air collectors, heat can be captured using a small amount of
electricity for a fan, reducing the use of fossil fuels and saving money. Furthermore, these systems can be utilized for
drying food (Khanlari et al, 2020) and other applications requiring heat, saving on energy costs.

2. DESIGN
The Applied Energy Laboratory (AEL) at Purdue University is used for teaching and research into high performance
buildings. The laboratory equipment mimics what can be found in a modern net zero energy building and includes
HVAC equipment, building automation systems, and a variety of solar thermal and solar photovoltaic systems. These
systems provide renewable energy for the laboratory and supplemental energy for the entire building.
This research project replaced three active loop solar air collectors in the Applied Energy Laboratory that were built
more than 30 years ago. The new collectors were design to fit within an existing rack containing other solar collectors
that were already installed on the roof of the building. The cost was kept to a minimum by using commercially
available materials and fabrication techniques available in the university’s sheet metal shop.

2.1 Materials
The solar air collectors are a six sided box, where the one side facing the sun is a glass surface. Aluminum was chosen
as the framing material for five of the six sides because of its durability, low cost, light weight, and corrosion
resistance. The glass absorber surface is a double paned U-0.5 glass patio door with a glazed surface and low iron
composition. Low iron glass permits more light penetration allowing for slightly higher efficiency and performance.

2.2 Heat Loss
A steady state conduction heat transfer analysis was performed using equation 1 to determine the amount of insulation
to manage the heat loss from the collector during cold weather. A is the surface area, ΔT is the temperature differential
inside and outside the solar collector, and R is the overall R-value of the insulated collector box. The sensitivity
analysis was conducted to determine the amount of insulation (R) needed for limiting the total heat loss (Q) for a range
of temperature differentials (ΔT).

𝑄=

𝐴∗∆𝑇
-𝑅
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Figure 1 is the results of the sensitivity analysis, showing the R-value of insulation (R_IN) to maintain heat losses at
a fixed percentage of the total heat collected for various temperature differentials. The solid, dashed, and dotted lines
represent 5%, 10%, and 15% total heat loss, respectively. Figure 1 clearly shows that he overall amount of heat loss
becomes unacceptably large during extremely cold weather, which justifies the need to select a specific design range
that reflects the most common outdoor conditions during cold weather. The selected range for this analysis is between
a ΔT of 30 and 50 °C and is shown as a dashed box in Figure 1.
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Figure 1: Required insulation to reduce heat loss
The results of this analysis show that heat loss can be kept to an acceptable level by using the correct amount of
insulation. Using an insulation thickness of 25.4 mm (1 inch), the best material found was R SI-1 (RV = 6) insulation.
This insulation limited heat loss to 15% of the total heat collected in a worst-case scenario design day (ΔT = 50°C).
As the inside to outside temperature differential decreases, the % of heat loss also decreases with a fixed insulation.

2.3 Designs
Figure 2 shows the three new solar air collectors (6, 7, & 8) that were designed, fabricated, and installed. All three
collectors have a centered absorber plate that allows air to travel on both sides. Air collector 6 is a simple flat absorber
plate with a flat black color. The second air collector (7) uses a similar flat black plate, but with additional X-shaped
perforated baffles, similar to the design presented by Khanlari et al. The third collector (8) has a wavy, corrugated
center plate. These were all mounted facing south at a 53-degree angle to take full advantage of winter sun.

6

7

8

Figure 2: Three solar thermal air collector designs (Left: Flat Plate; Center: X-Baffle; Right: Corrugated)
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Figure 3 provides further detail on how the absorber surface is centered in the frame to allow air travel on either side
of the absorber plate. The cross wing design is shown in Figure 3, but the same concept is common across all three
solar collectors. Air is forced through the bottom of the collector by a fan inside a fan box housing on the back of each
collector. There are two curved manifolds (highlighted in blue) within the collector that direct air flow to both sides.
These manifolds have different size and number of holes to encourage air flow in one direction. The lower manifold
has small diameter holes while the upper manifold has large diameter holes.

Fan
f Box
Housing
II u ing
Figure 3: X-Baffle flat plate collector CAD rendering showcasing frame and dual side air flow

2.2 Fabrication
The collector frames are made of 3 mm (1/8 inch) aluminum that is welded and riveted for rigidity, with silicone
sealing for air tightness. All three frames are the same with only difference being the internal absorber plates. All
collectors have 25.4 mm (1-inch) insulation on 5 of the 6 sides of the panels that has an insulating value of RSI-1 (RV6). Both the interior and exterior of the collectors were painted black to improve their ability to absorb radiant energy.
The absorber surface on all three collectors is a double-paned glass patio door made of low-iron glass to improve its
heat transfer characteristics. The three new collectors cost $14,200 to design, fabricate, and install.

3. OPERATIONS
The solar collectors are monitored and controlled using a web-based Building Automation System (BAS). Figure 4 is
a graphic interface showing the temperature differential for all three collectors. All three collectors typically achieve
approximately the same temperature differential for air leaving versus the air entering.

Figure 4: Graphic interface recording parameters for all three collectors
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Figure 5 is a detailed graphic interface for one individual collector, demonstrating further parameters that are recorded
every 15 minutes. A solar pyranometer measures the solar intensity (radiant energy) as a basis for comparison to the
heat energy captured. Fans for the solar thermal system are programmed to run when the solar pyranometer reads a
solar intensity higher than 100 W/m2 . These parameters are recorded at 15 minute intervals and are used to analyze
and compare the collected and potential energy of each collector.

Figure 5: Graphic interface recording parameters of individual collector monitoring

3.1 Performance Data
Roughly 4 months of data were recorded for this project. From that large data set, many sunny and nearly cloudless
days were chosen to analyze performance. A sample of the data acquired is given in Table 2. These parameters are
recorded every 15 minutes into the online BAS data base. Data for two different air flow rates, 50 CFM (86 m3/hr)
and 20 CFM (34 m3/hr), were collected to assess the impact of airflow on overall collector performance.

Date &
Time
2/16/2020
09:45:00
AM EST
2/16/2020
10:00:00
AM EST

AV Solar
Intensity
(W/m2)

Table 2: Sample Performance Data
Outside
Return
Source
Outside
Humidity
Temp
Energy (W)
Temp (°F)
(%)
(°F)

Supply
Temp (°F)

Energy
Captured
(BTU/HR)

667

173

55

21

85

57

584

732

173

52

22

92

58

686
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The Energy Captured from Table 2 was calculated within the BAS using the parameters shown in equation 2. This is
a common equation used for computing the sensible energy for air at atmospheric conditions using English units. The
results of equation 2 were converted to Watts for performance comparisons in the results section of this paper. The
Source Energy in Table 2 is the electricity in Watts supplied to all three fans for the collectors, so the true energy for
one fan is the source energy divided by three.
𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑑 = 1.1 ∗ 𝐶𝐹𝑀 ∗ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 )

(2)

4. RESULTS
Solar air collectors perform the best on a clear sunny day with few clouds. Figure 6 displays the energy captured by a
solar air collector as well as solar intensity on an ideal sunny day. The energy captured tends to be lower in the
morning because the collector is heating up. The peak energy capture occurs at mid-day when the solar intensity is
highest. The energy capture decreases along with the solar intensity after mid-day.
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Figure 6: Energy and efficiency changing over a day
ASHRAE 93 was used to analyze performance data, calculate results, and compare the collectors. Section 8.5, equation
8.22 of ASHRAE 93 was specifically used to evaluate solar collector performance to provide uniform comparisons
between all three collectors and analyze how different geometries and flow rates affect the energy captured by the
collectors. Fan source energy is factored into efficiency calculations to determine true efficiency as shown by equation
3, but it does not have a large influence on the overall efficiency calculations.
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑑−𝑆𝑜𝑢𝑟𝑐𝑒 𝐸𝑛𝑒𝑟𝑔𝑦
𝑆𝑜𝑙𝑎𝑟 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

(3)

Figure 7 illustrates the impact of both outdoor temperature and air flow rate on solar collector efficiency. An analysis
was conducted on days with different outdoor temperatures and air flows of either 34 m3/hr (20 cfm) or 86 m3/hr (50
cfm). Figure 7 shows that solar collector efficiency was higher at warmer outdoor temperatures, which is not
surprising since the unwanted heat loss from the collector to the outdoor environment would be less during warmer
weather. Figure 7 also shows higher efficiency was achieved at lower air flow rates. All three collectors displayed
similar trends. These overall findings are supported by the research of Raam Dheep, and Sreekumar.
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Figure 7: Efficiency improves with higher temperatures and lower flow rates
Figure 8 compares the efficiency of the three different collector designs at a low flowrate. The results are displayed
over a range of outdoor temperatures. The x-wing (7) and corrugated (8) collecotors performed so close to each other
that their data was superimposed in Figure 8. Although the efficiency of all three collectors was similar, the trendlines
show that collectors 7 and 8 had slightly higher efficiencies than collector 6. This is not surprising since collectors 7
and 8 have slightly more absorber surface area, plus these designs help disrupt and distribute flow more effectively
throughout the collector.
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Figure 8: Collector absorber design impacts efficiency slightly
The Solar Energy Factor (SEF) shown in equation 4 is another dimensionless parameter that helps quantify the
performance of solar thermal collectors. The numerator is the total heat energy captured for one day. The
denominator is the total source energy is the electricity used to drive the fans for one day. The SEF should be greater
than one to justify operation of the solar collectors.
𝑆𝑜𝑙𝑎𝑟 𝐸𝑛𝑒𝑟𝑔𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 =

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑑
𝑇𝑜𝑡𝑎𝑙 𝑆𝑜𝑢𝑟𝑐𝑒 𝐸𝑛𝑒𝑟𝑔𝑦
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Equations 5 and 6 show how the two terms of the SEF were computed using the trapezoidal rule for integrating data
collected at discrete time intervals t and ti. Equation 5 quantifies the heat energy captured. Equation 6 quantifies the
source electricity used by the fan, which includes a site to source multiplier of 1.0 because the electricity to run the
fan comes from photovoltaic panels located on site. Equations 5 & 6 were computed from data that was collected at
15 minute intervals over one day.
𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑡 +𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑡𝑖

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑑 (𝑊ℎ) = ∫𝑡 𝑖

2

𝑡 𝑆𝑜𝑢𝑟𝑐𝑒 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 +𝑆𝑜𝑢𝑟𝑐𝑒 𝐸𝑛𝑒𝑟𝑔𝑦𝑡𝑖

𝑇𝑜𝑡𝑎𝑙 𝑆𝑜𝑢𝑟𝑐𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑊ℎ) = ∫𝑡 𝑖

2

𝑑𝑡

𝑑𝑡

(5)

(6)

Figure 9 shows the results of the SEF computations for several days that span a range of outdoor temperatures. All
the data was collected for low flow rate, which is labelled “LF” on the figure. The SEF ranged from 4.5 in cold
weather to 5.5 in warmer weather. The larger SEF in warmer weather is mostly likely because heat loss is reduced
from the solar collectors during warmer weather Figure 9 also shows that collector 8 had the highest SEF of all three
collectors, further illustrating that absorber design can impact solar collector performance.
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Figure 9: Collector absorber design impacts SEF

4.1 Environmental and Economic Impacts
Table 3 estimates the annual energy heating energy provided when all three solar thermal air collectors were used for
supplemental heating at their location in northwestern Indiana. The estimate was directly measured based on 4 months
of cold weather performance and extrapolated to encompass a 5 month heating season. The far left column is the
amount of heat provided by all three solar thermal collectors, in kilowatt-hours, over a five month heating season.
The remaining columns show fossil fuel equivalencies for electricity, natural gas, propane, and heating oil. The solar
thermal collectors used about 200 kWh of electricity during the 5 month heating season to power the small fans that
move the air through the collectors and that electricity was provided by a solar photovoltaic array on the same roof.

Solar Energy

Table 3: Annual Equivalent Fuel Savings
Fuel Equivalencies

Solar Collector
(kWh)

Electricity Saved
(kWh)

Natural Gas Saved
(m3)

Propane Saved
(liter)

Heating Oil Saved
(liter)

1300

1300

120

180

120
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The economic payback for the three new solar collectors in terms of their ability to provide “free” heating is not
particularly attractive. The three custom-made solar thermal air collectors cost on the order of $15,000 to design,
build, and install on the roof of the building. This cost is significantly inflated because extra sensors and other
equipment were included to support teaching and research. The value of the annual energy from Table 3 (1,300 kWh)
is on the order of $200 assuming an electricity rate of $0.15/kWh. Comparing the $15,000 first cost to the $200 annual
savings suggests that this is not a viable installation for a typical homeowner. However, a better payback could be
achieved by aggressively pursuing less expensive fabrication and installation techniques commonly used in residential
construction. In this situation, the extra cost is justifiable because the main purpose of these solar thermal air collectors
is for teaching and getting students interested in renewable energy technologies.

5. CONCLUSIONS
Three different flat plate solar thermal air collectors were designed, built, and tested according to ASHRAE Standard
93. They achieved a cold weather efficiency in the range of 20 to 25% and had a Solar Energy Factor of approximately
5. A comparison of the three collectors showed that increasing the complexity of the absorber surface using either a
finned or corrugated surface increased the total heat transfer, efficiency, and solar energy factor. Reducing the flow
rate of the air also improved the total heat transfer, efficiency, and solar energy factor of the solar collectors. Based
on this data, solar thermal air collectors are a viable option for supplemental heating in locations where there is limited
access to traditional fossil fuels. These solar collectors are also environmentally friendly as they provide heat without
the need to consume fossil fuels.

NOMENCLATURE
ASHRAE
ISO
FSEC
SRCC
AEL
LF
HF
BAS
BTU
CFM
CAD
Q
A
T
R

American Society of Heating, Refrigeration, and Air-Conditioning Engineers
International Standards Organization
Florida Solar Energy Center
Solar Rating & Certification Corporation
Applied Energy Lab
Low Flow
High Flow
Building Automation System
British Thermal Unit
Cubic Feet per Minute
Computer Aided Design
Heat Loss
Area
Temperature Difference
Insulation
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